Background: Inbred mouse strains are differentially sensitive to the acute effects of ethanol (EtOH) and are useful tools for examining how unique genomes differentially affect alcohol-related behaviors and physiology. DBA/2J mice have been shown to be sensitive to the acute anxiolytic effects of alcohol as well as the anxiogenic effects of withdrawal from chronic alcohol exposure, while B6 mice are resistant to both. Considering that the basolateral amygdala (BLA) is an important brain region for the acute and chronic effects of EtOH on fear and anxiety related behaviors, we hypothesized that there would be strain-dependent differences in the acute effects of EtOH in BLA slices.
A LCOHOL USE DISORDERS (AUDs) are extremely prevalent and often lead to the development of severe mental and physical health issues. Although a few therapeutic options are available for the treatment of AUDs, the majority of addicted individuals are unable to remain abstinent from alcohol for prolonged periods of time. Some of the major barriers preventing successful treatment outcomes are an incomplete understanding of the diverse physiological effects of ethanol (EtOH) and the role that genetic diversity plays in the heterogeneity of AUDs. For example, of the few available pharmacological treatments, efficacy has often been linked with specific genetic mutations including Naltrexone (OPRM1), Acamprosate (GRIN2B), and Topiramate (GRIK1) (Karpyak et al., 2014; Kranzler et al., 2014; Oslin et al., 2003) . Furthermore, the efficacy of behavioral interventions like the 12-step facilitation program has been linked to mutations in the GABRA2 gene (Bauer et al., 2007) . These highlight the importance of understanding how genetic background influences the effects of alcohol.
Inbred mouse strains are valuable tools for determining the role of specific genotypes in producing different behavioral traits associated with AUDs as well as understanding the physiological underpinnings that contribute to these different genetic vulnerabilities. The DBA/2J (D2), C57BL/6J (B6), A/J (AJ), and BALBcJ (BALBc) strains have been commonly used in the alcohol field and differ in several alcohol-related behaviors including consummatory behavior, acute EtOH intoxication, and withdrawal-related phenotypes. For example, B6 mice have been widely used for their high intake and preference for alcohol containing solutions, while D2, BALBc, and AJ mice are known to have significantly lower consumption and preference for alcohol (Gill and Boyle, 2005; Lê et al., 1994) . Conversely, D2, BALBc, and AJ mice appear to be more sensitive to the acute effects of alcohol relative to the B6 strain as they show enhanced locomotor stimulation in response to low doses of EtOH (Crawley et al., 1997; Cunningham et al., 1992; Gill et al., 2000; Kiianmaa et al., 1983) . D2 mice also exhibit increased sedation in response to high doses of EtOH relative to B6 mice (Elston et al., 1982) . Given these abundant straindependent differences in alcohol-related behaviors, it is likely these strains display several unique neurophysiological responses to alcohol.
Alcohol acutely modulates emotional states as well as long-term emotional processing. In part, these effects occur through direct actions of alcohol on the basolateral (BLA) and extended amygdala. For example, presynaptic function of GABAergic synapses within the BLA is robustly potentiated by EtOH (Silberman et al., 2008 (Silberman et al., , 2012 . Acute EtOH also robustly inhibits postsynaptic kainate receptor-mediated responses in this brain region (L€ ack et al., 2008) . These effects likely contribute to EtOH's acute anxiolysis. However, relatively less is understood about the potential effects of acute EtOH on presynaptic glutamatergic function within the amygdala. Our laboratory has previously demonstrated that chronic exposure to alcohol enhances BLA presynaptic glutamatergic function in an input-specific manner (Christian et al., 2012 (Christian et al., , 2013 L€ ack et al., 2007) . Furthermore, relative to B6 mice, D2 mice are more sensitive to both the anxiolytic effects of EtOH intoxication and the anxiogenic effects of withdrawal from chronic EtOH exposure (McCool and Chappell, 2015) . Together, these studies suggest that acute EtOH might act on presynaptic glutamatergic BLA synapses in a strain-dependent fashion.
While acute EtOH effects on postsynaptic glutamate receptors are well characterized, much less is known about EtOH modulation of presynaptic glutamate release. But our findings that chronic EtOH modulates presynaptic function (Christian et al., 2013; L€ ack et al., 2007) suggest these compartments may also be targeted by acute EtOH. Consistent with this, recent studies in nonmammalian model systems have shown that presynaptic proteins involved in vesicle trafficking, priming, and release are directly modulated by acute EtOH (Das et al., 2013; Johnson et al., 2013; Kapfhamer et al., 2008) . To evaluate the role of EtOH exposure on synaptic vesicle trafficking and function in mice, we have utilized 2 different stimulation protocols. First, we used a lowfrequency (2 Hz) protocol to measure vesicle recycling over a prolonged period of stimulation (400 pulses) as well as characteristics of short-term plasticity. Then, we used a high-frequency (40 Hz) protocol to directly and separately examine the effects of acute EtOH on the readily releasable pool of vesicles (RRP) and synaptic vesicle recycling. Using this methodology, we show a novel, strain-dependent effect of EtOH that specifically inhibits synaptic vesicle recycling and, subsequently, short-term plasticity. Together, these straindependent presynaptic effects of EtOH may contribute to some of the observed strain-dependent differences in sensitivity to the acute effects of alcohol.
MATERIALS AND METHODS

Animals
Five-week-old male B6, D2, BALB, and AJ mice were obtained from The Jackson Laboratories (Bar Harbor, ME) and given access to food and water ad libitum. Mice were group housed for 1 to 2 weeks in a facility maintained by institutional animal resource personnel with housing conditions consistent with the NIH Guidelines for the Care and Use of Laboratory Animals (68 to 74°F, 30 to 70% relative humidity) prior to the experiments. All experimental procedures were approved by the WFUSM Animal Care and Use Committee.
Slice Preparation
Animals were anesthetized with isoflurane and decapitated. Brains were quickly removed and incubated for 5 minutes in an icecold sucrose-modified artificial cerebral spinal fluid (aCSF) containing (in mM): 180 sucrose, 30 NaCl, 4.5 KCl, 1 MgCl 2 Á6H 2 O, 26 NaHCO 3 , 1.2 NaH 2 PO 4 , 0.10 ketamine, and 10 glucose, equilibrated with 95% O 2 and 5% CO 2 . Coronal slices containing the BLA were obtained (300 lm) using a VT1200 S vibrating blade microtome (Leica, Buffalo Grove, IL) and were incubated for at least 1 hour in room temperature (~25°C) in oxygenated standard aCSF containing (in mM): 126 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , and 10 glucose, before initiation of recordings.
Whole Cell Patch Clamp Recordings
BLA slices were transferred to a submersion-type recording chamber and perfused with room temperature (~25°C) aCSF (2.0 ml/min) for whole-cell voltage clamp recordings similar to previously published reports (Christian et al., 2013) . Data were acquired via Axopatch 700B (Molecular Devices, Foster City, CA) and analyzed offline via pClamp software (Molecular Devices, version 10.5). Inclusion criteria for presumptive principal neurons included high membrane capacitance (>100 pF) and low access resistance in the whole-cell configuration (<20 MΩ; Washburn and Moises, 1992) . Recordings in which access resistance or capacitance changed ≥20% during the record or with changes in resting membrane currents ≥100 pA were excluded from analysis. Glutamatergic responses were pharmacologically isolated using 100 lM picrotoxin (a GABA A receptor antagonist) in the bath aCSF and were recorded with electrodes filled with an internal solution containing (in mM): 145 Cs-gluconate, 10 EGTA, 5 NaCl, 1 MgCl 2 , 10 HEPES, 0.4 QX314, 1 CaCl 2 , 4 Mg-ATP, and 0.4 Na 3 -GTP. Osmolarity of internal solution was corrected to~285 mOsm with sucrose, and pH was adjusted to~7.25 with D-gluconic acid. Synaptic responses were electrically evoked using concentric bipolar stimulating electrodes (FHC Inc., Bowdoin, ME) placed medial to the BLA within the stria terminalis as these synapses are facilitated by chronic EtOH (Christian et al., 2012 (Christian et al., , 2013 .
Stimulation Protocols
2-Hz Stimulation Protocol. Stria terminalis inputs to the BLA were stimulated in the following sequence: 10 pulses, 0.1 Hz (pretrain stimulation); 400 pulses, 2 Hz, followed by 3 single stimulations at 1, 5, and 25 seconds after the 2-Hz train. These final stimulations were used to assess any post-tetanic potentiation (PTP). EtOH was then washed on for 10 minutes in the absence of stimulation followed by a repetition of the protocol: 10 pulses, 0.1 Hz (pretrain stimulation); 400 pulses, 2 Hz; 3 single pulses at 1, 5, and 15 seconds after the 2-Hz train (PTP).
40-Hz Stimulation Protocol. Medial inputs were stimulated for 100 pulses at 40 Hz, followed by a 10-minute EtOH application period in the absence of stimulation. An additional 100 pulses at 40 Hz were delivered to assess the effects of EtOH application on the size of the RRP and vesicle recycling rate. In these studies, we did not attempt to wash out the EtOH from the recording chamber to see whether the effects on vesicle recycling were reversible. This was because, in a previous study, we found that acute EtOH exposure leads to the delayed release of endocannabinoids in the BLA which result in presynaptic inhibition. Although these effects were not present after a 10-minute exposure, as used in this study, they were present around 25 minutes and could therefore complicate interpretations of EtOH washout.
Data Analysis
The 2.5-second, 40-Hz trains of stimuli were used to determine the size of the RRP as well as the synaptic vesicle refilling/recycling rate as described previously (Gioia et al., 2016; Schneggenburger et al., 2002) . Briefly, response amplitudes were summed across the stimulation trained and used to construct cumulative amplitude plots for each cell during baseline and EtOH exposure. Linear regressions passing through the final 10 data points were used to define a y-intercept which serves as an estimate of the size of the RRP. We then subtracted the apparent size of the RRP from the total cumulative amplitude to estimate the contribution of recycling synaptic vesicles that refill the releasable pool during much of the stimulation train. Consistent with previous literature (Hagler and Goda, 2001) , we found that release became more asynchronous as the 40-Hz stimulation progressed. This would sometimes interfere with the ability to measure baselines before each stimulus. To avoid this issue, baseline synaptic transmission measurements were taken immediately before the initiation of each train.
Statistics
All graphs are plotted as mean AE SEM of each group. Primary statistical analyses were conducted using 2-way ANOVA, 1-way ANOVA, or t-tests (GraphPad; GraphPad Software Inc., La Jolla, CA) according to the experimental design as described, with posttests as appropriate.
Drug Preparation
Picrotoxin (Tocris) was prepared fresh daily and dissolved in DMSO then added to aCSF with final concentrations of DMSO in the perfusate <0.05%. Alcohol was mixed with aCSF and delivered to the recording chamber through a calibrated syringe pump to obtain the desired concentration for recording.
RESULTS
Experiments using prolonged stimulation have been valuable in determining synaptic strength in the context of high neuronal demand as well as for assessing different characteristics of short-term plasticity. During prolonged stimulation, synaptic vesicles gradually become depleted from the presynaptic terminal when the stimulation frequency becomes higher than the recycling/refilling rate. We have previously shown that medial inputs to the BLA fatigue at stimulation frequencies >2 Hz (Gioia et al., 2016) , and therefore, wanted to examine the effects of EtOH during nondepleting (2 Hz) and depleting (40 Hz) frequencies. Notably, neurons dynamically alter their firing rates in response to different stimuli, so it was also important to examine EtOH effects across a range of stimulation frequencies.
Low-Frequency Stimulation of Medial BLA Inputs Reveals Strain-Dependent Inhibition by EtOH
To determine whether EtOH modulates the ability of synapses to communicate during nondepleting sustained activity, we utilized a prolonged (400 pulses) 2-Hz stimulation protocol. We delivered two 400-pulse trains of electrical stimuli to the medial inputs of the BLA with a 10-minute period in between during which we bath applied 80 mM EtOH to the slices. Through analysis of the total cumulative amplitude attained during these trains, we found that cumulative synaptic amplitudes were inhibited by acute EtOH when recording from D2 cells ( Fig. 1D ; t-test, p < 0.01, n = 7). Recordings from BALBc cells showed a trend toward inhibition ( Fig. 1C ; t-test p = 0.0896, n = 9), while cells from AJ ( Fig. 1A ) and B6 mice (Fig. 1B) were insensitive (t-tests, respectively, p = 0.58, p = 0.71, n = 7). EtOH inhibition appeared to be independent from the amount of response "run down" during the stimulation train as these values were not significantly correlated (p > 0.05 in all strains, not shown).
We then compared EtOH effects during the beginning of the train and at the end of the train. Importantly, we found that none of the strains were sensitive to EtOH during the first 10 pulses. This is consistent with many previous studies showing no acute effect of EtOH on "basal" glutamate release. However, when we examined the amplitude of the final 100 excitatory postsynaptic currents (EPSCs) of each train, when the cells are presumably releasing newly recruited vesicles, we found that 80 mM EtOH inhibited responses recorded during these later portions of the train from BALBc ( . These results strongly suggest that EtOH inhibition occurs through interference with synaptic vesicle refilling or recycling during later portions of the train. However, higher frequency stimulation (40 Hz) is required to rapidly deplete the RRP and adequately examine the recycling rates in isolation when in the presence of EtOH.
EtOH Inhibits PTP in a Strain-Dependent Manner
Repetitive stimulation will often produce short-term plasticity that can last from several seconds to tens of minutes after stimulation. Therefore, we also examined the effects of EtOH on synaptic plasticity during these 2-Hz experiments. To ensure that long-term plasticity induced by the initial 
train did not confound our measures of EtOH modulation, we examined synaptic responses at 0.1 Hz immediately before each 2-Hz train, with the second train separated by a 10-minute period with no stimulation. Here we found that none of the strains expressed long-term plasticity following the initial 2-Hz stimulation as the amplitudes of pretrain stimuli were not different between the baseline and EtOH conditions ( Fig. 2A-D ; t-tests within strain, p > 0.05 in all strains). This further supports the hypothesis that EtOH inhibition occurs through disruption of cellular processes occurring during the latter part of the stimulus train which is also consistent with others finding no effect of EtOH on glutamatergic release probability in the BLA following a 10-minute exposure to alcohol (Robinson et al., 2016) . PTP is a form of short-term plasticity expressed exclusively in the presynaptic compartment that generally lasts from tens of seconds to a couple of minutes following repetitive stimulation (Zucker and Regehr, 2002) . Single synaptic events were evoked 1, 5, and 25 seconds following the 2-Hz stimulation and compared to the amplitude of the pretrain stimuli to examine PTP. Like the effect on cumulative amplitude, we found that EtOH had no significant effects on PTP in AJ and B6 cells ( (Fig. 2G , p < 0.05, n = 9) but no effect on time after stimulus (p = 0.83). Additionally, EtOH significantly inhibited PTP in D2 cells, a 2-way ANOVA revealed a significant main effect of EtOH (Fig. 2H , p < 0.01, n = 7) but no effect on time after stimulus (p = 0.15). These results raise the interesting possibility that the EtOH-sensitive mechanisms potentially involved in synaptic vesicle recycling may also be involved in PTP.
EtOH Inhibits Synaptic Vesicle Recycling During HighFrequency Stimulation in a Strain-Dependent Manner
We used high-frequency (40 Hz) stimulation to distinguish between effects of EtOH on the RRP and the vesicle recycling rate; 40-Hz trains of stimuli delivered to medial BLA inputs rapidly deplete the RRP within the first 10 stimuli (Gioia et al., 2016) after which continued stimulation leads to a mixture of EPSCs and failures dictated by the rate of activity-dependent refilling of the RRP. To quantify the size of the RRP and synaptic vesicle recycling rates, we used previously reported procedures that are detailed in the Methods section above (Gioia et al., 2016; Schneggenburger et al., 2002) .
In these experiments, we examined effects of EtOH during high-frequency stimulation by delivering two 100-pulse trains at 40 Hz to the medial inputs of the BLA with a 10-minute period in between during which we bath applied 80 mM EtOH to the slices. Again, through analysis of the total cumulative amplitude measured during these trains, we found that 80 mM EtOH inhibited cumulative amplitudes of AJ, BALBc, and D2 cells (Fig. 3A,C,D , withinstrain t-tests, p < 0.05, p < 0.01, p < 0.01, respectively, n = 14, 15, 14), while B6 cells remained insensitive (Fig. 3B , t-test, p = 0.72, n = 13). These results are particularly interesting in that they suggest a frequency-dependent effect of EtOH inhibition in the AJ strain. Thus, behaviors or neurophysiological processes involving highfrequency firing in vivo may be disrupted in the AJ strain, while those requiring lower frequency firing may be insensitive to EtOH. We also used the cumulative amplitude plots to segregate contributions from the readily releasable and recycling pools (see Methods) and found that EtOH specifically disrupted synaptic vesicle recycling. Cells from AJ, BALBc, and D2 mice all showed EtOH-mediated inhibition of recycling (Fig. 3E ,G,H; t-tests, respectively, p < 0.05, p < 0.01, p < 0.001) with no effects on the size of the RRP (t-tests, respectively, p = 0.32, p = 0.20, p = 0.06). Conversely, cells from B6 mice were insensitive to EtOH-mediated effects on vesicle recycling (Fig. 3F , ttest, p = 0.85). These results are consistent with the 2-Hz studies where EtOH inhibition occurred at the end of the train and directly suggest that EtOH inhibits synaptic vesicle recycling. Furthermore, EtOH inhibition again appeared to be independent from the amount of response amplitude "run down" during the stimulation train as these values were not significantly correlated (p > 0.05 in all strains). The traces illustrated in Fig. 3 show that vesicular release transitions to a more asynchronous form of release; and stimulation during these later phases frequently results in synaptic "failures" (here defined as a stimulus failing to produce a synaptic response > 5 pA). As predicted from EtOH's effects on the recycling pool, analysis of these nonevents revealed that 80 mM EtOH significantly increased the number of synaptic failures at AJ (Fig. 3I inset, paired t-test, p < 0.01) and D2 (Fig. 3L inset, paired t-test, p < 0.001) BLA synapses with a trend for an increase at BALBc synapses (Fig. 3K inset, t-test, p < 0.1). Eighty millimolar EtOH did not alter the number of synaptic failures at B6 BLA synapses (Fig. 3J  inset) .
EtOH Inhibition of Synaptic Vesicle Recycling in D2 Cells is Dose Dependent
In order to determine concentration-effect relationship between EtOH and inhibition of synaptic vesicle recycling, we repeated the 40 Hz experiments at 0, 10, 40, 60, and 80 mM EtOH in D2 and B6 mice. Here we found that EtOH inhibition of the recycling pool were concentration-dependent and significant in D2 mice (Fig. 4A, 1 -way ANOVA p = 0.0128, p < 0.05 between 80 mM and both 0 and 10 mM with Bonferroni's multiple comparison post-test), but not in B6 mice (not shown, 1-way ANOVA, p = 0.91). EtOH also had no effect on RRP size at any concentration relative to 0 mM in both D2 mice (t-tests, p > 0.05) and in B6 mice (t-tests, p > 0.05). We also examined the concentration-effect relationship on the increase in synaptic failures and likewise found a significant concentration-dependent effect at D2 BLA synapses (Fig. 4B , 1-way ANOVA, p < 0.01, p < 0.05 between 80 mM and 0, 10, and 40 mM with Bonferroni's multiple comparison post-test). Failures at B6 synapses were not altered at any concentration (not shown, 1-way ANOVA, p = 0.98). These results suggest that relatively high concentrations of EtOH are required to produce consistent effects on synaptic vesicle recycling in D2 mice while B6 synapses are insensitive.
DISCUSSION
In these studies, we identified synaptic vesicle recycling as a novel target for acute inhibition by EtOH. This straindependent effect is amplified in responses to higher frequency stimulation, suggesting that either accumulation of second messengers within the presynaptic terminal, or simply higher demand placed upon presynaptic recycling machinery, may facilitate inhibition by EtOH. Importantly, we have previously shown these BLA glutamatergic inputs respond to chronic EtOH exposure by greatly increasing their function (Christian et al., 2013) . The current work suggests that adaptations within alcohol-sensitive processes within presynaptic terminals themselves could explain this presynaptic "plasticity" following chronic EtOH. This would be consistent with many studies showing that acute EtOH inhibition frequently leads to rebound up-regulation of various systems during withdrawal Pleil et al., 2015) . Therefore, it is possible that repeated chronic exposure to alcohol and its inhibition of synaptic vesicle recycling leads to the development of presynaptic facilitation, offsetting acute inhibition. We also found that EtOH acutely inhibited synaptic vesicle recycling in D2 cells during high-frequency (40 Hz) stimulation with an IC 50 of approximately 42 mM (Fig. 4) . This concentration is clearly outside the range of blood levels caused by casual EtOH consumption but is not outside the range attained by heavy drinkers or alcoholdependent individuals. Given that synaptic vesicle recycling is an integral process at all synapses, these results may likely have broader implications for a wide variety of brain regions and could explain why EtOH produces robust allostatic adaptations to glutamatergic signaling in so many brain regions. Finally, we found that there were strain-dependent differences in the inhibition of PTP by EtOH. PTP is a form of short-term plasticity that occurs over tens to hundreds of seconds following repetitive stimulation and is regulated by several presynaptic proteins and second messengers which are also involved in vesicle recycling. Therefore, it is possible that the effects on PTP and vesicle recycling are controlled by similar mechanisms.
In these studies, we examined EtOH effects during both high-and low-frequency stimulation; in part, we utilized these different frequencies as a means to identify the mechanisms involved in presynaptic inhibition, while also understanding that neurons dynamically alter their firing rates to accommodate for different tasks. Medial inputs to the BLA contain fibers from the medial prefrontal cortex (mPFC), hippocampus, and thalamus; cells in all of these regions are all known to operate in both low-and high-frequency ranges (Galvan et al., 2012; Milad and Quirk, 2002; Wang et al., 2011) . For example, neurons in the mPFC fire at low frequencies during fear conditioning and higher frequencies during extinction (Milad and Quirk, 2002) while low-frequency oscillations between the mPFC and BLA are required for the initiation of freezing behavior during fear conditioning (Karalis et al., 2016) . EtOH-sensitive recycling at glutamate synapses from D2 but not B6 mice (Figs 1 and  3 ) may provide a mechanism for the observation that chronic EtOH withdrawal alters amygdala-dependent delay fear conditioning in D2 mice but not in B6 mice (Tipps et al., 2015) . Additionally, BLA neurons dynamically alter their firing rate in vivo from 0 to 30 Hz in response to anxiogenic stimuli, with frequency being positively correlated with anxiety-like behavior (Wang et al., 2011) . Further, D2 mice are sensitive to the acute anxiolytic effects of EtOH intoxication while B6 mice are not (McCool and Chappell, 2015) ; EtOH inhibition of responding during high-frequency trains (Figs 3 and 4 ) may contribute to this as well. Finally, alcohol disrupts gamma band (30 to 80 Hz) oscillations in the hippocampus of rats (Wang et al., 2016) and the visual cortex of humans (Campbell et al., 2014) ; and EtOH-mediated disruption of synaptic vesicle recycling offers a potential cellular substrate for this phenomenon as well. While the 40-Hz stimulation used in our study effectively segregates differential EtOH modulation of distinct vesicle pools, it is not clear if these high frequencies could occur for prolonged periods in vivo and deplete readily releasable pools. However, even modest inhibition of vesicle recycling by acute EtOH over prolonged periods during a typical intoxication could potentially undermine glutamatergic neurotransmission. Regardless, these studies together highlight the importance of examining EtOH across a range of presynaptic stimuli. We demonstrate in these studies that EtOH inhibits synaptic responses during low-frequency trains in cells from D2 and BALBc mice, while cells from AJ and B6 mice were insensitive (Fig. 1) . Interestingly, cells from AJ mice became sensitive to inhibition by EtOH when the stimulation frequency was increased (Fig. 3) . This raises that possibility that AJ mice may be sensitive to EtOH effects on behaviors that require higher frequency neuronal activity in vivo such as conditioned fear and protected from those mediated by low-frequency activity such as unconditioned anxiety. Furthermore, we found that cells from B6 mice were insensitive across both frequencies; and this is consistent with their low sensitivity to many of the acute intoxicating effects of EtOH. Together, our data offer specific insight into strain-dependent neurophysiological effects of EtOH.
EtOH Inhibition of Synaptic Vesicle Recycling
During the low-frequency experiments, we found that EtOH inhibited EPSCs specifically at the end of the trains but not the beginning (Fig. 1 ) which suggested to us that EtOH may be interfering with activity-dependent refilling/recycling into the RRP. We were able to confirm this hypothesis using high-frequency stimulation which allowed us to quantify the size of the RRP and the recycling/refilling rate. Here we found that EtOH selectively inhibited the recycling component of the train without interfering with the RRP (Fig. 3) . The relative insensitivity of the RRP to acute EtOH complements a previous study from our lab using a pairedpulse protocol that found no acute effect of EtOH on initial glutamate release probability when bath applied for 10 minutes (Robinson et al., 2016 ). Our results demonstrate that multiple stimuli are required to observe presynaptic inhibition at this synapse.
The presynaptic terminal contains several different pools of synaptic vesicles that can be distinguished based on their molecular interactions and proximity to the plasma membrane. The RRP contains mature vesicles that are docked and primed for release at the active zone. These readily releasable vesicles undergo SNARE complex-mediated fusion with the plasma membrane in response to terminal calcium influx. After the vesicle has released its contents, it becomes part of the plasma membrane until endocytic processes internalize the membrane for reuse. This endocytic process also removes a number of proteins from the membrane and clears up space in the active zone for new vesicles to dock (Wu et al., 2014) . After the vesicles dock to the plasma membrane, they need to be primed before they can be released (Varoqueaux et al., 2002) . Therefore, endocytosis, refilling of the RRP and priming of synaptic vesicles (together referred to as vesicle recycling), are rate limiting processes during high-frequency activity.
A wide variety of proteins and second messengers within the presynaptic terminal interact during vesicle recycling and could potentially influence EtOH inhibition. Fortunately, a number of molecular and genetic studies have identified some presynaptic proteins that are associated with alcoholrelated behaviors and are also involved in vesicle release and recycling. First, acute EtOH exposure has been shown to inhibit N/P/Q type voltage-gated calcium channels (VGCCs) (Maldve et al., 2004) which are important for synaptic vesicle release as well as short-term depression (Xu and Wu, 2005) . However, this effect is unlikely to explain the current results as initial pulses in the trains were not influenced by EtOH as would be expected through a direct effect on VGCCs. Second, Munc13 proteins are required for vesicle priming in glutamatergic neurons (Varoqueaux et al., 2002) and have been shown to bind alcohol in their C1 domain (Das et al., 2013) . Interestingly, there is a nonsynonymous single nucleotide polymorphism (SNP) in the C1 domain of Munc13-1 that is shared between D2 and BALBc mice but not B6 or AJ mice (GeneNetwork, 2003) . This SNP potentially alters EtOH binding affinity and/or the ability of EtOH to displace diacylglycerol which also binds to Munc13 C1 domains. Third, Munc18-1 proteins are involved in vesicle priming and have been implicated in acute EtOH sensitivity (Johnson et al., 2013) . In 1 study, using a panel of BXD mice, a Munc18-1 polymorphism was found to be associated with EtOH drinking/preference (Fehr et al., 2005) ; however, this mutation is unlikely to directly regulate the effect of EtOH on vesicle recycling as the mutation did not segregate across strains consistently with the EtOH sensitivity in the strains we used in the current study. That is, this mutation is shared between BALBc (here sensitive) and B6 (insensitive) mice, while D2 (sensitive) and AJ (frequency-dependent sensitivity) mice express the other allelic variant. Importantly, Munc13 proteins interact with Munc18-1 during vesicle priming, so mutations in either protein could contribute to strain-dependent differences. Lastly, the Rab3A protein has been associated with the acute effects of EtOH in a nonmammalian system (Kapfhamer et al., 2008) and is known to interact with priming related proteins including Munc13-1, RIM-1, and Munc18-1. Together, these studies suggest that inhibition of vesicle recycling may occur through disruption of the synaptic vesicle priming complex consisting of Munc13-1, RIM-1, Munc18-1, and Rab3A.
EtOH Inhibition of PTP
Chronic exposure to EtOH has been shown to interfere with various forms of long-and short-term synaptic plasticity throughout the central nervous system. For example, chronic exposure to EtOH has been shown to disrupt long-term potentiation (LTP) in the hippocampus (reviewed in Zorumski et al., 2014) and lateral amygdala (Stephens et al., 2005) and has been shown to produce LTP-like effects through presynaptic and postsynaptic mechanisms in the BLA (Christian et al., 2012 (Christian et al., , 2013 L€ ack et al., 2007) . Furthermore, chronic exposure has also been shown to modulate shortterm plasticity including paired-pulse facilitation at both glutamatergic and GABAergic synapses (reviewed in McCool, 2011) as well as the magnitude and duration of PTP (Gage and Hubbard, 1966; Traynor et al., 1976) .
In our experiments, we observed an EtOH-mediated inhibition of PTP in D2 and BALBc cells (Fig. 2) . At the beginning of our low-frequency experiments, we used a 10-pulse/ 0.1-Hz pretrain stimulus to determine whether any long-term (>10 minutes) plasticity occurred in response to the first train. We did not find differences in the size of these pretrain stimuli indicating that LTP or long-term depression were not expressed under these stimulation conditions (Fig. 2) . However, we did observe EtOH-mediated inhibition of PTP, a presynaptic form of short-term plasticity that occurs immediately following a tetanic stimulation that lasts for tens to hundreds of seconds (Zucker and Regehr, 2002) . We examined EPSC amplitudes evoked at 1-, 5-, and 25-second intervals following the 2-Hz tetanic stimulation. Here, we found that BALBc and D2 mice had reduced EPSC amplitudes in the presence of 80 mM EtOH, while AJ and B6 mice were unaffected (Fig. 2) . Given that the same strains were sensitive to PTP inhibition and vesicle recycling inhibition, it is likely that the same or overlapping mechanisms are involved in both processes.
PTP is regulated by a number of different presynaptic proteins providing a variety of potential EtOH targets. Again, Munc13 proteins appear to be attractive candidates as they are highly implicated in PTP. Following repetitive stimulation, calmodulin accumulates in the presynaptic terminal and binds to Munc13 proteins to enhance vesicle priming and produce PTP (Junge et al., 2004) . Additionally, diacylglycerol also accumulates during repetitive stimulation and initiates PTP through both Munc13-and PKC-dependent processes, both of which involve downstream effects on Munc18-1 proteins (Brager et al., 2003; Wierda et al., 2007) . RIM proteins, A B which are important regulators of vesicle docking and VGCC positioning within the active zone (Han et al., 2011) , have also been shown to be important for regulating the magnitude of PTP (Schoch et al., 2002) through direct interactions with Munc13 proteins (Deng et al., 2011) . Finally, mGluRmediated, phospholipase D (PLD)-dependent signaling is required for PTP in BLA medial inputs (Krishnan et al., 2016) . In this case, PLD activation can modulate Munc13 membrane association through the generation of phosphatidic acid and its conversion to diacylglycerol (Song et al., 1999) . Together, these results are consistent with a role of EtOH acting through synaptic vesicle priming machinery, including Munc13-1, Munc18-1, and RIM1 proteins, to modulate PTP.
CONCLUSION
In conclusion, we have demonstrated a novel straindependent effect of EtOH acting on presynaptic glutamatergic terminals that involves inhibition of synaptic vesicle recycling and PTP. Furthermore, we suggest that these effects are related to EtOH interactions with the molecular mechanisms involved in synaptic vesicle priming, including Munc13, Munc18-1, and RIM proteins. These effects may contribute to strain-dependent differences in alcohol-related behaviors including the acute anxiolytic and intoxicating effects of alcohol, disruption of amygdaladependent fear conditioning, and sensitivity to withdrawalrelated seizures and anxiogenesis (Crawley et al., 1997; Elston et al., 1982; Gill et al., 2000; Kiianmaa et al., 1983; McCool and Chappell, 2015) . Future studies should examine vesicle recycling at other synapses as downstream vesicle priming is integral to release at most synapses.
